In 20 cats, the left middle cerebral artery was gradually compressed with a microdriven vascular oc cluder implanted by a transorbital approach, Pial artery pressure, cortical blood flow, segmental vascular resis tance, electrocorticogram, and cortical steady potentials were measured in the territory of the left middle cerebral artery and correlated with the degree of vascular stenosis, Pial artery pressure began to decrease when the lumen of the middle cerebral artery was reduced to 200 J.1m, Cortical blood flow and EEG power declined when pial artery pressure fell below 35-40 mm Hg; cortical steady potential started to shift toward negativity at a pressure
Most of the current knowledge about the patho physiology of stroke comes from the experimental models in which a major supplying artery of the brain is acutely occluded. Under clinical condi tions, however, gradual vascular stenosis is a much more common event. It has been tacitly assumed that the thresholds of ischemia (Symon et aI., 1977) , which have been established after acute vascular occlusion, are also valid under conditions of gradual vasoconstriction, and that the therapeutic conse quences are the same for both situations. This is probably true when the degree of stenosis is such that blood flow actually begins to decrease, but it ignores the equally important situation in which the increased resistance built up by the stenotic vessel is compensated for by an autoregulatory dilation of the peripheral vascular bed. In this situation, which is at the limit of the autoregulatory capacity, post stenotic blood pressure begins to fall but blood flow is not yet reduced. Measurements of this pressure below 25-30 mm Hg; and both hemodynamic and elec trophysiological changes were maximal at a pressure below 10 mm Hg, When the vascular occlusion was re leased within 5 min after the onset of ischemia, a pial artery pressure of only 18 mm Hg was necessary to re store normal blood flow, After I-h occlusion, normali zation of flow occurred at a pressure of 30 mm Hg. Since this pressure is still substantially below normal pial artery pressure, no-reflow does not seem to be of significance and the relationship to blood flow and electrophys iological function are of great interest both for de termining the threshold of impeding ischemia and for evaluating therapeutic procedures that are in tended to improve collateral blood supply.
In the present investigation, this problem was studied by measuring pial artery pressure during gradual compression of the middle cerebral artery in the cat. The results obtained indicate that the range of pial artery pressure changes that can be compensated for by intracortical vascular dilation is relatively small, and that both changes of blood flow and functional disturbances begin gradually and not abruptly when the middle cerebral artery is slowly occluded.
MATERIALS AND METHODS

General preparation
Twenty adult cats of either sex were used. Animals were anesthetized with 0.8% halothane and 70% nitrous oxide, immobilized with pancuronium, and mechanically ventilated throughout the experiment. Blood gases were adjusted to physiological level (Paco2 28-30 mm Hg; Pao2 above 100 mm Hg), and body temperature was kept constant at 37°C using a feedback-controlled heating pad.
The left middle cerebral artery was exposed under the operating microscope by a transorbital approach (O'Brien and Waltz, 1973) . The hook of a vascular occluder (Little, 1977) was placed around the vessel and fixed in the orbita with dental cement. Vascular stenosis was produced by compressing the artery with a movable piston that was slowly advanced toward the hook of the occluder by an electronically controlled microdrive.
Measurement of pial artery pressure, blood flow, and segmental vascular resistance Pial artery pressure was measured with a servo controlled micropressure-recording device (Fox and Wiederhielm, 1973) in the region of the suprasylvian gyrus of the left hemisphere. For this purpose, a small craniotomy was made, the dura was split, and a pial ar tery with a diameter of � 100 f.Lm was punctured under the operating microscope with a micropipette with � 5 f.Lm tip diameter. The pipette was filled with 1 M NaCI and connected to the recording device.
Blood flow was measured with a continuous heat clear ance method, according to the technique described by Betz et al. (1966) . Tw o small gold plates, spaced �5 mm apart, were brought into contact with the surface of the suprasylvian gyrus in the vicinity of the vessel in which blood pressure was recorded. One plate was heated with a constant current, and the temperature difference be tween the two plates was measured continuously with thermojunctions of three thermocouples connected in series. The recording device was calibrated in 10% gelatin [thermal conductivity (A) = 12.5 x 10-4 cal x cm-I x s -I X °C -I], and changes of blood flow were expressed as changes of heat conductivity (Shima et aI., 1983) .
Segmental vascular resistance up-and downstream of the pial arterial recording site was calculated by dividing the fractional pressure drop by cortical heat conductivity:
where SAP and PAP are the systemic and pial arterial pressures, respectively, and CVP is the cerebral venous pressure. Since measurements were carried out in an open-skull preparation, the cerebral venous pressure was neglected.
Electropbysiological recordings
Cortical steady potential was measured on the supra sylvian gyrus with a small calomel electrode, connected to the cortical surface with a cotton wick soaked with Ringer's solution. The indifferent electrode was also a nonpolarizable calomel electrode that was placed on the nasal bone. EEG activity was recorded from the same region with silverball electrodes spaced �5 mm apart. EEG frequency was analyzed by fast Fourier transform with a laboratory computer (PDP-12; Digital Equipment). The spectral power of the EEG was calculated by sum ming the square roots of Fourier coefficients from 0.25 to 20 cycles/so
RESULTS
Compression of the middle cerebral artery was carried out in two ways: (a) by slowly advancing the piston of the vascular occluder with constant speed (12 cats); and (b) by stepwise reduction of the vascular lumen (8 cats). The first method al- Vol. 4, No.4, 1984 lowed the evaluation of pial artery pressure as a function of vascular diameter, and the second the establishment of a threshold relationship between pial artery pressure, blood flow, and electrophysi ological function.
A typical experiment of the first series is shown in Fig. I . Complete occlusion was defined as the moment when the pial artery pressure reached a minimum level. The speed of advancement of the piston being known, the threshold of vascular com pression at which the pial artery pressure began to decrease could be determined. According to this measurement, the earliest hemodynamic changes became apparent when the diameter of the middle cerebral artery was reduced to 204 ± 40 !-lm (mean + SE). This is -25-30% of normal diameter, in dicating that a considerable degree of vascular ob struction is tolerated without any changes of cor tical perfusion pressure.
In the second series of experiments, the middle cerebral artery was compressed in a stepwise fashion, each step being maintained for 2 min to establish a plateau of constant pial artery pressure (Fig. 2) . Before vascular compression, pial artery pressure averaged 58. 1 ± 2. 4 mm Hg, and cortical heat conductivity, A. (as a measure of blood flow), was 15. 2 ± 0. 2 x to-4 cal x cm-I x S-I x °C-I. Vascular resistance upstream of the pial artery re cording site was 4. 2 ± 0. 3 and downstream 4. 5 ± O. 1 X to4 mm Hg x A. -I.
Compression of Hle middle cerebral artery caused a gradual increase of extracortical (upstream) resis tance that was compensated for by a decrease of intracortical (downstream) vascular resistance as long as the pial artery pressure remained above 35 mm Hg (Fig. 3 ). When the pial artery pressure fur ther decreased, blood flow began to decline, al though intracortical vascular tone continued to fall. After complete occlusion of the middle cerebral ar tery, the pial artery pressure was 9. 0 ± 0. 9 mm Hg, A. 11.3 ± 0. 4 x to-4 cal x cm-I x S-I x °C-I, upstream vascular resistance 9. 1 ± 0. 6 x to4 mm Hg x A. -I, and downstream resistance 0. 56 ± 0. 05 x 104 mm Hg x A. -I. The ischemic level after com plete occlusion was slightly higher than the dead value of the cerebral cortex that was determined at the end of the experiments and averaged to.O ± 0. 9 x to-4 cal x cm-I x S-I x °C-I.
The relationship between pial artery pressure, on the one hand, and cortical heat conductance, EEG power, and the shift of the cortical steady potential, on the other, is illustrated in Fig. 3 . Each measure ment was taken at the end of the 2-min compression step to allow stabilization of the induced events. The shape of the plots obtained was similar for all Oy three parameters. Initial changes appeared at a pial artery pressure between 30 and 40 mm Hg, and al terations became maximal at values below 10 mm Hg. The most sensitive parameter was EEG power: If changes induced by complete middle cerebral ar tery occlusion were taken as 100%, EEG power de creased by � 30% when pial artery pressure fell from 40 to 30 mm Hg, as compared with a decrease of heat conductivity by 10% and a shift of the cor tical steady potential by 8%. When the vascular occlusion was released, the pial artery pressure and cerebral blood flow again increased (Fig. 4) . The relationship between the two variables was tested after short-lasting (4-5 min, six trials in four cats) and prolonged (1 h, six trials in six cats) vascular occlusion (Fig. 5 ). After short- lasting ischemia, the steepest increase of blood flow in the middle cerebral artery territory occurred be tween 10 and 15 mm Hg, and the preischemic value was reached at a pial artery pressure of 18 mm Hg. At higher perfusion pressure, blood flow further in creased, and heat conductivity reached a maximum of �18 x 10-4 cal x cm-I x S-I x °C-I when the pial artery pressure returned to normal.
After I-h middle cerebral artery occlusion, the pial artery pressure and blood flow were distinctly higher than at the end of 4-5 min of ischemia ( Pial artery pressure mmHg Pial artery pressure mmHg caused a less steep increase of blood flow than after 5 min of ischemia, and the preischemic flow value was reached only at a pial artery pressure of 30 mm Hg. Above this pressure, blood flow sharply in creased, and cortical heat conductivity rose to >2 1 X 10-4 cal x cm-1 x S-l x °C-l when pial artery pressure normalized. Prolonged vascular occlusion consequently requires a higher blood perfusion pressure for recirculation, but results in more pro nounced hyperemia than short-lasting ischemia.
DISCUSSION
The present technique of nonocclusive pial artery pressure recording has been used before for deter mination of the segmental resistance of the cere brovascular bed in normal animals (Dieckhoff and Kanzow, 1969; Shapiro et aI., 1971; Stromberg and Fox, 1972) and after middle cerebral artery occlu sion (Shima et aI., 1983; Date and Hossmann, 1984) . The network of pial arteries is the main arterial input to the cerebral cortex. The pressure drop from the aorta to the pial arteries, therefore, is a function of extracerebral (upstream) resistance, and that from the pial arteries to the venous outflow of the brain a function of intracerebral (downstream) vas cular resistance (Hudetz et al., 1982) . Numerical calculation of segmental resistance requires knowl edge of blood flow. In the present study, cortical heat conductivity was recorded for this purpose, because this technique allows the continuous mea surement of flow, as required for the precise eval uation of the hemodynamic changes during vascular compression. It is a disadvantage of this method that the results are semiquantitative, and calculated changes of vascular resistance are consequently di rectional and not absolute. However, previous studies in which heat conductivity was compared to blood flow by the intermittent recording of hy drogen clearance (Betz et al., 1966; Cusick and Myklebust, 1980; Date and Hossmann, 1984) re vealed a linear relationship between the two param eters. The recording of heat conductivity is thus a reliable method for the evaluation of thresholds of pial artery pressure causing changes of cortical he modynamics [for a more detailed discussion of the methodological aspects, see Shima et ai. (1983) ]. An evaluation of hemodynamic or electrophysi ological thresholds during gradual vasocompression of the middle cerebral artery has not been carried out before. There are numerous studies on the ef-fect of vasospasm induced by various types of vas cular irritation [for review see Heros et ai. (1976) and Sundt et ai. (1977) ], but these are more gener alized effects that are different from the present type of local vascular obliteration. Our investigation demonstrates that a considerable degree of local vascular obstruction is necessary to produce mea surable hemodynamic effects. The diameter of the middle cerebral artery of the cat is -0. 7-0. 8 mm, corresponding to a cross section of 0. 38-0. 50 mm2. It was necessary to reduce the diameter to 200 /-Lm (i.e., a cross section of -0. 03 mm2) to evoke he modynamic changes at the level of the cerebral cortex. The aperture of the middle cerebral artery consequently can be reduced by >90% without any apparent changes in cortical blood flow or electro physiological function. This observation is in line with previous studies of carotid artery stenosis, the lumen of which also had to be reduced by >80% to impair blood flow (Brice, et aI., 1964) .
When vascular diameter is further reduced, pial artery pressure begins to decrease. This decrease is initially compensated for by an autoregulatory di lation of the intracortical vascular bed until, at a pial artery pressure below 35-40 mm Hg, cortical blood flow begins to fall and electrophysiological functions begin to deteriorate. It is interesting to note that at this threshold, intracortical vascular re sistance has not yet reached its minimum; i.e., the vascular bed is not yet fully dilated. A possible ex planation for this phenomenon is the dual control of blood flow by changes of intravascular pressure and by changes of perivascular fluid homeostasis. Autoregulatory vasodilation induced by the de crease of intraluminal pressure apparently is further enhanced by hydrogen ions and other mediators of vasodilation that accumulate during ischemia. As long as vasodilation is not maximal, it should be possible to improve blood flow and neurological function by the application of vasodilating agents. Occasional clinical reports of the beneficial effects of vasoactive substances for the treatment of cere brovascular insufficiency may, in fact, refer to this particular situation (Toole et aI., 1973) .
When the lumen of the middle cerebral artery is further compressed, extracortical resistance sharply increases, and improvement of blood flow by vasodilating agents becomes less likely. In a pre vious study in which the middle cerebral artery was completely occluded, various vasoactive sub stances did not improve blood flow significantly de spite a measurable reduction of both extra-and in tracortical vascular resistance, because the changes were small in comparison with the total vascular resistance and because blood pressure also fell (Date and Hossmann, 1984) . The present technique of vasocompression, therefore, provides the oppor tunity to define under experimental conditions the maximum degree of vascular stenosis up to which a pharmacological amelioration of blood flow and functional performance can be expected.
The second aspect of the present investigation concerns the relationship between the pial artery pressure and blood recirculation after the release of middle cerebral artery occlusion. After 5 min of vascular occlusion, flow is immediately resumed, and the preischemic flow rate is reached already at a pial artery pressure of 18 mm Hg, i.e., a pressure that is �40 mm Hg below normal. This effect is due to the low intracortical vascular resistance, dem onstrating that shortly after the onset of ischemia, even a minor increase of pial artery pressure con siderably improves blood circulation. After 1 h of vascular occlusion, the situation is different. Intra cortical resistance at this time is higher than im mediately after vascular occlusion, presumably be cause of intravascular blood sludging (Waltz and Sundt, 1967) , microvascular compression by swollen perivascular glial cells (Little et aI., 1976) , and the release of vasoactive substances (Welch et aI., 1973) . The perfusion pressure necessary for in itiating recirculation, therefore, is substantially higher. However, normalization of blood flow is nevertheless achieved at a pial perfusion pressure that is still 25 mm Hg below normal, and hyperemia ensues when the pressure further increases. These observations suggest that after 1 h of middle cere bral artery occlusion, blood flow is restored much more easily than after the same period of global ischemia that at normal perfusion pressure results in considerable no-reflow (Ames et aI., 1968) . There are indications, however, that after even longer pe riods of middle cerebral artery occlusion, reperfu sion deficits may occur (Crowell and Olsson, 1972; Little et aI., 1976) . It remains to be shown if these are due to a further increase of intracortical resis tance, which would be reflected by an increase of pial artery pressure, or to flow obstruction in the extracortical arterial vascular bed. Since the ther apeutic implications would be different in the two conditions, pial artery pressure recordings in this experimental situation would be of interest.
